We investigated the detection of discrete charge dynamics of an electron trap in a GaAs-based nanowire surface through current fluctuation induced by a metallic scanning probe tip. An equivalent circuit model indicated that the charge state in the surface strongly reflects the channel potential when the local surface potential is fixed by the metal tip, which suggests that random charging and discharging dynamics of the trap appears as random telegraph signal (RTS) noise in the nanowire current. Experimental demonstration of the concept was carried out using a GaAs-based nanowire and an atomic force microscope (AFM) system with a conductive tip. We observed the RTS noise in the drain current and superposition of the Lorentzian component in the noise spectrum when the metal tip was in contact with the nanowire surface at specific positions. The obtained results indicate the possibility of detecting charge dynamics of the individual surface trap in semiconductor devices.
Introduction
Electron traps in a semiconductor surface significantly influence the electrical characteristics of semiconductor devices. Random charging and discharging of the trap causes temporal fluctuation of the electrostatic potential in the device, which often appears as current or voltage noise and often affects various device performances. Because fluctuation becomes obvious as the size of the device decreases [1] [2] [3] , the characterization and understanding of the charge dynamics of a surface trap has became an important issue in recent years. Although there are various scanning probe techniques that characterize the surface at an atomic scale, such as scanning tunneling spectroscopy (STS) [4] [5] [6] and electrostatic force microscopy (EFM) [7] [8] [9] [10] [11] , they mostly characterize static properties of the surface. The detection of the dynamics of the electric properties is difficult for such systems because the small conductance of the tiny tip contact results in a delay of the electric response. Here, we focus on scanning gate microscopy (SGM) for characterizing the local transport properties of electron devices [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In this technique, the biased conducting tip of an atomic force microscope (AFM) modulates electrostatic potential locally in the device and the current passing through the device, which is not influenced by the tip conductance, is measured. In this paper, we propose and demonstrate the detection of discrete charge dynamics of electron traps in the semiconductor surface through the measurement of current noise induced by contacting a metal tip to the surface. First we describe our concept of detecting charge dynamics in the semiconductor surface. Next the proposed technique is demonstrated using an AFM system with a metal tip. Then we discuss possible approaches to obtaining information on individual traps from the measured noise.
Concept
The basic concept of detecting discrete charge dynamics of a trap in the semiconductor surface is shown in Fig. 1 25) . Figures 1(b) and 1(c) schematically show the sample without and with a metal tip contact, respectively, together with corresponding equivalent circuits. C 1 is the capacitance between the tip and the trap and C 2 is the tunnel capacitance between the trap and the channel, respectively. The trap is represented by a node between capacitors C 1 and
Charging and discharging of the trap is assumed to occur through C 2 . When the tip is retracted, the drain current will show small noise, as shown in Fig. 1(b) . In this case, from the analysis of the equivalent circuit, the channel potential V C is found to be independent of the charge in the trap e,
where Q is the charge of the electron channel and C 3 is the capacitance of the GaAs substrate. On the other hand, when the tip touches the surface over the electron trap, the tip capacitively couples with the trap, as shown in Fig. 1(c) , and the charge in the trap, in turn, influences the electrostatic potential inside the device. Computing the equivalent circuit, the channel potential is given by
It is found that V C depends on e. Therefore, as shown in Figs. 1(b) and 1(c) , RTS noise appears when a metal tip comes into contact with the surface over a trap, whereas it disappears when the tip is retracted. If there is no trap underneath the tip, RTS noise will not appear even when the tip is in contact with the surface. On the basis of this mechanism, we can detect a discrete trap in the semiconductor surface by observing RTS noise induced by a very small metal tip.
In this study, we characterize the trap in the surface of a III-V compound semiconductor nanowire device, since the nanowire current is very sensitive to the surface charge owing to the high surface-area-to-volume ratio and high electron mobility. In an actual case, current in the device often includes 1/f noise [26] [27] [28] [29] , which is generated by a large number of traps distributed uniformly relative to the time constant 30) . Although RTS noise caused by the above mechanism might be small and difficult to distinguish from other noise, it shows a Lorentzian spectrum of 1/f 2 slope 31, 32) . When the discrete charge dynamics of a trap takes place, the Lorentzian spectrum will be superimposed onto the 1/f noise spectrum, which can be detected using a spectrum analyzer having a wide dynamic range and can be distinguished from other noise by an appropriate spectrum decomposition technique.
Experimental procedure
To demonstrate the above concept, we prepared the system shown in Fig (001) GaAs substrate. The sheet density of the 2DEG was 7.8 ×10 11 cm -2 and the mobility was 7,100 cm 2 V -1 s -1 at 300 K. The length and width of the fabricated nanowire were 10 µm and 800 nm respectively. The direction of the nanowire was < 110 >. Ni/Ge/Au/Ni/Au ohmic contacts were formed for the source and drain electrodes. The drain current was once amplified and converted to voltage using a low-noise amplifier whose amplification gain was 10 kV/A. We characterized the drain current in the nanowire using a voltage monitor or a spectrum analyzer. Drain voltage V D was set at 0.85 V, where the current noise in the fabricated device sufficiently exceeded the noise floor of the measurement system of 10 -23 A 2 /Hz. The AFM tip was connected to the ground and its potential was kept at zero in this study. All the measurements were carried out at room temperature. Figure 5 shows measured drain current noise spectra. When the tip was retracted from the surface, the 1/f noise was dominant. When the tip was brought into contact with the surface at position 1, a similar 1/f noise was again observed, as shown in Fig. 5(a) . The noise power was also the same. On the other hand, when the tip came into contact with the surface at positions 2 and 3, the noise was increased and the configuration of the spectrum was changed. The results indicated that the tip affected the noise spectrum only when a trap existed underneath the tip. The spectrum could be well fitted by the combination of 1/f and Lorentzian components, 
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Discussion
First we verify that the observed RTS arose from the charge dynamics of a single trap. For verification, we estimated the possible current change ∆I D owing to charging and discharging of an electron in a trap. In the case of the field-effect transistor (FET), ∆I D is given by g m e/C G , where g m is the transconductance and C G is the gate capacitance of the FET 31) . The value of e/C G corresponds to the effective gate voltage ∆V G induced by charging or discharging an electron to the gate capacitance. In our case, effective gate voltage is estimated from eq. (2) instead of e/C G . Then ∆I D is given by
where The observed tip-position dependence of the RTS intensity in Fig. 3 may indicate that the influence of the tip contact is significant on the source side. However, we considered this to be unlikely. In the case of the GaAs-based nanowire, drain voltage induces a larger electric field and depletes the channel on the drain side of the nanowire owing to strong surface Fermi level pinning 34) , which means that the potential on the source side is rather flat and no abrupt change in the capacitive couplings between the tip, trap, and channel is expected. This point will be verified by the same measurement with changing source and drain electrodes or by the measurement of other samples. In addition, the surface trap density of the GaAs-based material is often as high as 10 12 cm -2 , indicating that traps exist at approximately 10 nm intervals. To obtain the actual spatial distribution of the individual traps, it is necessary to measure current by changing the tip position with intervals of less than 10 nm. Such measurements are the aims of our future work.
Finally we discuss the energy level of the trap. Information on the trap energy E T can be obtained from
where E F is the Fermi energy, k is the Boltzmann constant, and T is the temperature. The evaluated E T -E F of the traps at positions 2 and 3 were -26 and -24 meV, respectively. 
Conclusions
We proposed and demonstrated a novel detection technique of discrete charge dynamics of a trap in a GaAs-based nanowire surface using current fluctuation induced by a metal tip.
A simple equivalent circuit model indicated that the random telegraph signal (RTS) noise was imposed in the drain current when the metal tip came into contact with the surface.
The concept was successfully demonstrated by measuring current noise in a GaAs-based nanowire set in an atomic force microscope (AFM) system with a metal tip, where RTS noise with a Lorentzian spectrum was superimposed when the metal tip came into contact with the nanowire surface at specific positions. From the intensity and time constant of the RTS noise, we could obtain information on the energy and position of the discrete trap.
The obtained results showed the possibility of detecting charge dynamics of the individual surface traps in semiconductor devices. 
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